Associations of thyroid hormones with visceral obesity and insulin resistance in obese subjects with euthyroidism have been reported. However, there are no such reports in subjects with type 2 diabetes. The purpose of our study is to observe a relationship between thyroid hormones and components of metabolic syndrome (MetS) in type 2 diabetic subjects with euthyroidism defined by normal thyroid stimulating hormone (TSH) and free thyroxine (FT4) levels. Subjects were 301 Japanese patients with type 2 diabetes. Serum TSH, FT4, free triiodothyronine (FT3), and variables related to MetS were measured. MetS was defined by the Japanese criteria and the criteria of the National Cholesterol Education Program modified for Asians. We found that serum FT3 levels were significantly and positively associated with BMI, visceral fat area, systolic and diastolic blood pressure, estimated glomerular filtration rate, serum triglyceride, and urine C peptide as a marker of insulin production, whereas negatively with age and HbA1c. In contrast, fewer numbers of variables were associated with serum TSH and FT4 levels. By a multiple regression analysis, FT3 level was independently associated with components of MetS such as visceral fat area, systolic blood pressure, and fasting blood glucose levels. On the other hand, the presence of these MetS components was independently associated with FT3 levels and urine C peptide. In conclusion, these results suggest a significant relationship between serum FT3 levels and components of MetS in type 2 diabetic subjects with euthyroidism, and imply a role of FT3 in MetS in type 2 diabetes.
Metabolic syndrome (MetS) consisting of central obesity, glucose intolerance, dyslipidemia and hypertension is a risk factor for atherosclerosis . A common basis for these multiple risk factors is insulin resistance induced by deranged secretion of adipokines from visceral adipose tissues, i.e., increase of tumor necrosis factor-alpha and decrease of adiponectin (Matsuzawa 2006) . Because thyroid hormones induce various effects on energy homeostasis (Krotkiewski 2002; Nyrnes et al. 2006) , lipid and glucose metabolism (Kutty et al. 1978; Torrance et al. 1997) , and blood pressure (Fommei and Iervasi 2002) , serum thyroid hormone levels may be associated with components of MetS.
Recently, there are several reports indicating an association between thyroid hormone levels and insulin resistance and MetS in euthyroid subjects. Roos et al. (2007) reported that there is an inverse correlation between free thyroxine (FT4) levels and insulin resistance in euthyroid subjects, and implied an increase in cardiovascular risks in subjects with lower thyroid hormone levels even within normal range possibly due to insulin resistance (Bruckert et al. 1999; Roos et al. 2007 ). Lin et al. (2005) also reported an association of lower serum FT4 levels with MetS in Chinese subjects with normal thyroid function. On the other hand, free triiodothyronine (FT3) levels are moderately increased in obese subjects (Reinehr et al. 2006; De Pergola et al. 2007 ). FT3 levels are associated with circumference, independently of insulin resistance in healthy and obese women (De Pergola et al. 2007) .
However, these reports on an association of thyroid hormone levels with obesity, insulin resistance or MetS were studied in non-diabetic subjects. Therefore, we cross-sectionally analyzed a relationship between thyroid hormones and metabolic syndrome components in subjects with type 2 diabetes.
Subjects and Methods
Subjects were 301 patients with type 2 diabetes, who were admitted to our hospital for close examination of diabetic complications and better blood glucose control from January 2007 to April 2009, and who met the inclusion criteria for analysis. The inclusion criteria were euthyroidism [TSH (0.41-1.43 μIU/ml) and FT4 (0.9-1.7 ng/dl)], as previously reported (Bruckert et al. 1999 ) and negative for thyroid autoantibodies such as thyroid peroxidase antibody and thyroglobulin antibody; the exclusion criteria were a history of thyroid diseases and/or medications for thyroid diseases. All patients provided their informed consent to be used their clinical data for analysis in this study. Out of 301 subjects, 52 were treated with diet therapy only, 126 with oral hypoglycemic agents (OHAs), 49 with insulin, and 74 with both OHAs and insulin.
Body weight and height were measured, and body mass index (BMI) was calculated. Blood was obtained from patients who had fasted for more than 12 h. Fasting plasma glucose (FPG), immunoreactive insulin (IRI), hemoglobin A1c (HbA1c), cholinesterase, total cholesterol (TC), triglyceride (TG), high density lipoprotein-cholesterol (HDL-C), low density lipoprotein-cholesterol (LDL-C), thyroid stimulating hormone (TSH), FT4 and FT3 were measured by the Central Laboratory in our hospital. TSH, FT4 and FT3 were measured by an electrochemiluminescence immunoassay (ECLIA). Urine C peptide immunoreactivity (CPR) as a marker of intrinsic insulin production was also measured by an ECLIA by SRL, Inc. (Tokyo, Japan). Estimated glomerular filtration rate (eGFR) was calculated by the Modification of Diet in Renal Disorder (MDRD) formula modified for Japanese (Imai et al. 2007) . Metabolic syndrome was diagnosed by the Japanese criteria (Taniguchi et al. 2007 ) and the criteria of National Cholesterol Education Program modified for Asians . Insulin resistance was evaluated by a homeostasis model assessment of insulin resistance (HOMA-IR), which was calculated by a formula [FPG (mg/dl) x fasting IRI (F-IRI) (μU/ ml)/405] (Matthews et al. 1985) in patients with FPG of lower than 160 mg/dl and not treated with any anti-diabetic medications.
Visceral fat area (VFA) and subcutaneous fat area (SFA) in the abdomen and fatty liver were measured by cross-sectional CT scan using multislice CT (Aquilion 16, Toshiba, Tokyo, Japan), as reported previously . Fatty liver was determined by CT attenuation, and clinical fatty liver was defined as <0.9 of the ratio of liver/spleen CT number (L/S ratio) , which correlated well with hepatic fat infiltration of more than 30% (Saitoh et al. 1988) .
Data are presented as means ± s.d., unless otherwise indicated. Statistical significance was analyzed by Mann-Whitney test and χ 2 -test. Spearman's rank order correlation coefficient was used to examine associations of variables with serum levels of TSH, FT4 and FT3. Multiple regression analysis and logistic regression analysis was used to find independent variables for FT3 and MetS, respectively. Statistical analysis was performed by using Dr. SPSS II (SPSS Japan Inc., Tokyo, Japan) and a P value < 0.05 was considered significant.
Results
To investigate relationships between thyroid hormones and various clinical variables, we first analyzed the correlation coefficients between serum thyroid hormone levels and various variables for all the subjects (n = 301). As shown in the Table 1 , TSH, FT4, FT3, and FT3/FT4 ratio correlated with various metabolic variables to varying degrees. Among them, FT3 levels were correlated with more numbers of the variables as compared with TSH, FT4, and FT3/ FT4, i.e., positively with BMI, VFA, SBP, DBP, eGFR, TG and urine CPR, whereas inversely with age, HbA1c, and liver/spleen (L/S) CT ratio.
Then, we focused on FT3 for a further analysis. Because serum FT3 levels showed normal distribution (average ± s.d., 2.90 ± 0.48 pg/mL; median, 2.89 pg/mL, n = 301), and the average and the median was almost equal, the median was used to divide the subjects to two groups with lower and higher serum FT3 levels. clinical variables for all the subjects and those with lower (n = 152) and higher (n = 149) serum levels of FT3 than the median of all subjects. There were no differences in sex, HDL-C, LDL-C and FPG between the two groups (lower and higher FT3 levels). On the other hand, age and HbA1c values, and L/S CT ratio were significantly higher in the lower FT3 subjects, whereas BMI, VFA, SBP, DBP, eGFR, TG, and urine CPR were significantly higher in the higher FT3 subjects. The prevalence of MetS, defined by both the Japanese criteria and the NCEP criteria modified for Asians, was also significantly higher in the higher FT3 subjects. However, there was no significant difference in the prevalence of MetS defined by both criteria between the subjects with the lower and higher FT4 or TSH levels than the median (data not shown). Various medications used for treatments of type 2 diabetes, hypertension and dyslipidemia were not associated with TSH, FT4 and FT3 levels (Table 3 ). These data indicated that serum FT3 level had the greatest influence on the metabolic variables among the thyroid hormones (TSH, FT4 and FT3) . Therefore, a multiple regression analysis was performed to find variables independently associated with FT3 levels. As shown in the Table 4 , FPG, VFA and SBP were independently and significantly associated with FT3 levels. There was a tendency toward significant associations of FT3 levels with BMI, eGFR and urine CPR (0.05 < p < 0.1). Because these variables such as FPG, VFA and SBP were components consisting of MetS and prevalence of MetS was significantly higher in the subjects with higher FT3 levels (Table 2) , independent variables associated with the presence of MetS were analyzed by a multiple logistic regression analysis. Serum FT3 levels and urine CPR were independently associated with the presence of MetS among the various variables as shown in Table 5 . Thus, FT3 levels and the cluster of MetS components were bidirectionally and independently associated with each other.
Discussion
In this study, we have shown that the serum FT3 level was independently and significantly associated with components of MetS such as higher FPG levels, VFA, and SBP in subjects with type 2 diabetes and euthyroidism (Table 4) , while the presence of a cluster of MetS components (higher FPG levels, VFA, and SBP) was independently associated with serum FT3 level ( Table 5 ). The results indicate the significant association between FT3 levels and presence of MetS in Japanese subjects with type 2 diabetes and euthyroidism.
The association of FT3 (Reinehr et al. 2006; De Pergola et al. 2007 ) with obesity has been reported in nondiabetic subjects with euthyroidism. However, a relationship between thyroid function, and obesity and MetS has not been reported in subjects with type 2 diabetes, because diabetic patients were excluded in these and other studies probably to avoid influence of hyperglycemia. Intere sting ly, we have shown that FT3 level is positively associated with the presence of MetS components among diabetic subjects. In addition, the presence of MetS is significantly and independently associated with FT3 levels.
On the other hand, a negative association between FT4 and MetS has been reported (Bruckert et al. 1999; Lin et al. 2005; Roos et al. 2007 ), although both FT3 and FT4 levels were positively associated with MetS components in our data. A reason(s) for the discrepancy between our data and other reports on a positive or negative association of FT3 or FT4, respectively, with MetS or its components is unclear. It might be related to the origin of T3 and stronger physiological activity of FT3 than that of FT4. T3 is converted from T4 by monodeiodination in peripheral tissues. Both T4 and T3 bind to binding protein in the blood, and components of them, FT4 and FT3, have physiological activity in target organs (Inada et al. 1975) . A high conversion of T4 to T3 (i.e., lower FT4, higher FT3, and higher FT3/FT4) is (Danforth 1983) . FT3 stimulates thermogenesis by increasing expression of UCP1 gene in the brown adipocytes and, in addition, expression of UCP2 and UCP3 genes in adipose tissues and muscle (Barbe et al. 2001) . UCP2 and UCP3 gene expressions are decreased in subjects with hypothyroidism (Gjedde et al. 2010) . Our data indicate the significant and independent association of FT3 with VFA, implying that a compensatory increase of FT3 levels to reduce visceral fat by stimulating thermogenesis is not sufficient in MetS. However, further study is necessary on this issue. FT3 levels were significantly and negatively associated with HbA1c levels (Table 1 and 2). This is consistent with a recent report that hypothyroidism falsely raises HbA1c due to decreased erythropoiesis (Kim et al. 2010) .
In this study, daily urine CPR as a marker of intrinsic insulin production was also independently associated with presence of Mets (Table 5) , and tends to be associated with FT3 levels (Table 4) . The multiple regression analysis indicates that independent variables associated with urine CPR was VFA, gender and eGFR, but not MetS components such as FPG, blood pressure and triglyceride, nor thyroid hormones (data not shown). These associations may be related to visceral obesity, which might induce insulin resistance and increase serum insulin and urine CPR. However, markers of insulin resistance such as HOMA-R were not measured in most of the subjects in this study, because they were under diabetic medications including oral hypoglycemic agents and insulin.
On the other hand, it has recently been reported that T3 has an anti-apoptotic and protective effect on the pancreatic beta cells (Verga Falzacappa et al. 2006 . T3 activates the PI-3 kinase pathway via thyroid hormone receptor on the beta cell, and stimulates insulin secretion. This may be related to an association between higher FT3 levels, and increased urine CPR and decreased HbA1c in our study.
The limitation of this study is that it is a cross-sectional analysis in subjects with type 2 diabetes, who were treated with various medications. Further study is necessary to confirm the relationship between FT3 levels, and visceral obesity and MetS in diabetic subjects, who are stratified with and without medications, by a prospective and longitudinal study.
Finally, our study suggests that serum FT3 levels are significantly associated with the presence of MetS (or components of MetS) in not only non-diabetic but also diabetic subjects with euthyroidism. 
